Binding affinity of complexes between a DNA-binding domain (DBD) of a transcription factor, c-Myb, and several double-stranded DNA (dsDNA) were evaluated by collision-induced dissociation (CID) of the multiply protonated molecules generated by electrospray ionization mass spectrometry (ESI-MS). Complexes of the c-Myb DBD and dsDNA were prepared in solution and analyzed by ESI-MS. Multiply protonated molecules of a high-affinity complex, the c-Myb DBD and dsDNA with a specific sequence, were clearly observed in ESI mass spectrum. Protonated molecules of the complex were quite stable in the gas-phase, and not easily dissociated even if high cone voltage was applied in the first vacuum chamber source when the sample was prepared in 10 mM ammonium acetate. As for the sample prepared in buffer with higher concentration of ammonium acetate, such as 500 mM ammonium acetate, protein-dsDNA complexes could easily be dissociated with an increase in the cone voltage, giving multiply protonated molecules of free c-Myb DBD and some DNA fragments. Systematic CID experiments were carried out on seven complexes between the c-Myb DBD and 22-mer dsDNA with different solution-Kd values in the range of 10 Ϫ9 M to 10 Ϫ7 M. For each complex dissociation curve as a function of cone voltage was plotted, and the cone voltage where 50% of the complex was dissociated (V 50% ) was calculated. Consequently, positive correlation was obtained between V 50% and relative binding free energy change (⌬⌬G) in complex formation in solution. This suggests that ESI-CID experiments can provide quantitative evaluation of the stability of protein-DNA complexes based on proper calibration. (J Am Soc Mass Spectrom 2005, 16, 116 -125)
D evelopment of electrospray ionization (ESI) enabled accurate determination of molecular masses of intact proteins [1] . In addition, ESI-MS has allowed successful detection of noncovalent complexes of biomolecules [2] [3] [4] [5] [6] . Direct observation of molecular ions of noncovalent complexes is significant in understanding protein function, because it suggests a target, specificity, and stoichiometry of the specific binding. Maintaining noncovalent complexes during the ESI process sometimes encounters difficulties; no organic solvent should be used for sample preparation, nonvolatile salts should be removed, high temperature during the desolvation process should be avoided, and lower voltages to trigger ESI are preferable. In addition, nonspecific binding in the ion source, sometimes generated by high concentration of the analyte, should be discriminated in the interpretation of mass spectra.
Analyses based on ESI-MS have been employed to measure the solution-phase binding affinity of several protein-ligands or multimeric protein complexes. Rostom et al. indicated that analysis of the proportions of the ion intensity of peptide-bound and free proteins under lowenergy collision conditions by ESIMS gave a good correlation to solution-phase Kd measurements where available. Increasing the internal energy of the gas-phase complex facilitated to dissociate the complex [7] . We applied this methodology to examine the binding affinity of a protein and double-stranded DNA (dsDNA) complex, a minimal DNA-binding domain (DBD) of a transcription factor c-Myb and oligomeric dsDNA.
c-Myb is a transcriptional regulator involved in proliferation and differentiation in haematopoietic lineages [8] . The full DNA-binding domain of c-Myb, which specifically binds to dsDNA with a consensus sequence of AACNG (N denotes A, T, C, or G) [9 -11] , consists of three homologous tandem repeats of 52 amino acid residues, designated as R1, R2, and R3. Two tandem repeats, R2 and R3, are essential and sufficient for the sequence specific-binding of c-Myb but the first repeat, R1, is not necessary for the sequence specific recognition [12] , so the minimal DNA-binding domain (DBD) is an R2R3 fragment. The recognition of dsDNA sequence by c-Myb has been studied extensively by NMR, filter-binding assay, mutation analyses, and other biological assays [10, 11] . The dissociation constant Kd values of protein-DNA complexes of the minimal and full DNA-binding domain of c-Myb, R1R2, and R1R2R3, with several 16-and 22-mer dsDNA oligomers, have been determined by filter-binding as-say using 32 P-labeled dsDNA. The binding between R1R2R3 and its specific 22-mer dsDNA (MBS-I 22-mer, m22) is very tight with the Kd of 4.0 ϫ 10 Ϫ10 M and the Kd of c-Myb DBD, R2R3, and m22 is 2.8 ϫ 10 Ϫ9 M [11] . The size of target DNA is also important for binding of c-Myb. The c-Myb R1R2R3 bound to the 22-mer, 19-mer, and 16-mer dsDNA fragments in a sequence specific manner with similar affinities, but for the 13-mer and 10-mer fragments, binding affinity was greatly reduced from 10 Ϫ9 M to 10 Ϫ7 M order, even though it contains specific sequence of AACNG [10] .
In order to determine Kd of a protein-DNA complex, filter-binding assay is a good method but it requires 32 P-labeled DNA oligomers and a large amount of the protein. Calorimetry can also provide the solution-Kd of a complex but quite a large sample amount is needed. Surface plasmon resonance is another good tool to measure the Kd of protein-DNA complexes, but it takes several hours to get Kd value for each protein-DNA complex. If binding affinity, such as Kd values, can be determined by ESI-MS, which does not require special reagents and facilities but can give information also on binding stoichiometry, it should be effective for convenient and high-throughput characterization of protein-DNA interaction.
Compared with protein-ligand or multimeric protein complexes, fewer studies were reported on protein-DNA noncovalent complexes by ESI-MS [13] [14] [15] [16] [17] [18] , although protein-DNA interactions play essential roles in a variety of significant biological processes, such as gene-expression regulation, DNA repair and replication, and transcription regulation, etc. In the protein-DNA interactions, electrostatic forces and hydrogen bonds significantly contribute to the binding of the complex in addition to hydrophobic interactions. As discussed by Daniel et al., interaction energies based on charges, dipoles, and polarizability are expected to increase when going from solution to the gas phase, but hydrophobic interaction is substantially weaker in the absence of solvent [6] . Therefore, in case of a protein-DNA noncovalent complex, it might be possible to detect a weakly bound complex with the Kd of 10 Ϫ6 M if the sample can be prepared at this concentration.
We applied ESI-MS for the evaluation of the binding affinity between the c-Myb DBD and dsDNA. In normal ESI-MS analyses, sample solution is prepared in low-M (10 Ϫ6 M) concentration that is sufficient enough for the detection of multiply protonated molecules. Therefore, it is not so easy to differentiate the interaction levels from 10 Ϫ7 M to 10 Ϫ9 M order with normal ESI-MS analyses. To overcome this problem, we optimized sample preparation for ESI-MS measurement for a systematic estimation of binding affinity over two orders of magnitude. We present here a convenient method to characterize the protein-DNA binding affinity using CID in the first vacuum chamber source.
Materials and Methods
All reagents used were analytical grade. Water was purchased from Merck (Darmstadt, Germany), and ammonium acetate (ReagentPlus, 99.99ϩ%) was from Aldrich (Milwaukee, WI). The c-Myb DBD with the sequence of MELIKGPWTKEEDQRVIKLQKYGPKRWSVIAKHLKG-RIGKQCRERWHNHLNPEVKKTSWTEEEDRIIYQAHK-RLGNRWAEIAKLLPGRTDNAIKNHWNSTMRRKV was prepared as previously described [19, 20] . Briefly, the c-Myb DBD was expressed in E. coli BL21(DE3) using a T7 expression system, grown in SB medium, and purified by successive column chromatography using phosphocellulose (P11, Whatman, Brentford, UK), carboxymethyl-cellulose (CM52, Whatman, Brentford, UK), phenyl-sepharose (Amersham, Piscataway, NJ), and Superdex 75 (Amersham, Piscataway, NJ) columns. The stock solution of the c-Myb DBD was prepared in 100 mM potassium phosphate (pH 6.7) with 10 mM dithiothreitol and 1 mM sodium azide by ultrafiltration using Ultrafree (MW cut off 10,000, Millipore, Billerica, MA) and stored at 4°C before use. The concentration of the c-Myb DBD in stock solution was estimated from UV absorbance at 280 nm using the 280 ϭ 36.2 ϫ 10 3 M Ϫ1 cm Ϫ1 for c-Myb DBD. Chemically synthesized 16-and 22-mer single-stranded DNA (ssDNA) oligomers were purchased from Bex Co. Ltd. (Tokyo, Japan). Each ssDNA was dissolved in 1 M ammonium acetate buffer (pH 6.7) and its concentration was estimated from UV absorbance at 260 nm. Two complementary ssDNA were annealed by cooling slowly from 95°C to room temperature in 1 M ammonium acetate buffer (pH6.7), resulting in 0.5 mM dsDNA stock solution. Annealed dsDNA stock solution was stored at 4°C before use.
Preparation of DNA-Protein complex
A 3 L aliquot of c-Myb DBD stock solution (1.6 mM) was diluted with 340 L of 10 mM ammonium acetate (pH 6.7), and then 10 L of dsDNA stock solution (0.5 mM) was added and mixed. The sample solution was ultrafiltrated against 10 mM ammonium acetate (pH 6.7) using Millipore Ultrafree (MW cut off 5000) and 100 M solution of protein-DNA complex was prepared.
Binding activity of the c-Myb DBD to some dsDNA oligomers was also confirmed by gel-mobility assay. A 20 L aliquot of 5 M dsDNA oligomers with or without c-Myb DBD was applied on a 15% acrylamidegel, and electrophoresis was carried out with 1ϫ TBE buffer (90 mM Trizma base, 90 mM boric acid, 2 mM EDTA). After the electrophoresis the gel was stained with ethidium bromide.
Mass Spectrometry
Prior to ESI-MS analyses, extensive buffer exchange was carried out using Millipore Ultrafree, and 100 M c-Myb DBD or 100 M c-Myb DBD-dsDNA complex in 10mM ammonium acetate solution (pH 6.7) was prepared, as described above. This solution was diluted with appropriate concentration of ammonium acetate buffer (10 ϳ 880 mM) to make the analyte concentration 10 M, and then subjected to ESIMS analyses. Electrospray ionization mass spectra were obtained by Q-TOF2 (Waters, Milford, MA) with an electrospray ion source. Spectra were calibrated with (NaI) n Na ϩ . MassLynx version 3.4 software (Waters, Milford, MA) was used for data processing and peak integration.
The ion source and desolvation gas temperature was set to 80°C and 120°C, respectively. The sample was introduced into the ESI source at a flow rate of 5 L/min with a syringe pump. To observe the dissociation of protonated molecule of a protein-DNA complex, cone voltage of the ESI ion source was increased by 5 V stepwise. Mass spectra were obtained at various cone voltages, from 50 to 100 V for each complex. Experiments were repeated three times. The percentage of complex was obtained by calculating the ratio of the ion intensity of the complex to the total ion intensity. The change of the percentage of complex was plotted as a function of cone voltage and dissociation curve was obtained for each c-Myb DBD-dsDNA complex. The correlation between cone voltage of the 50% complex content (V 50% ) and solution-phase ⌬⌬G (kcal/mol), which was determined by filter-binding assay, [11] was investigated for each protein-dsDNA complex.
Results and Discussion

Observation of c-Myb DBD-dsDNA (16-mer) Complex
The DNA binding affinity of the c-Myb DBD to its specific dsDNA, MBS-I 16-mer (MBS-I 16, 5= CCT-AACTGACACACAT 3= (ϩ) and its complementary strand (Ϫ), was confirmed by gel-mobility assay. The dissociation constant in solution (100 mM potassium phosphate buffer (pH 7.5) with 20 mM KCl, 0.1 mM EDTA, 500 g/mL of bovine serum albumin, 5% (vol/ vol) glycerol and 10 mM dithiothreitol) of this complex had been determined as Kd ϭ 3.8 ϫ 10 Ϫ9 M by filter-binding assay [10] . Figure 1a shows an image of gel-mobility assay of MBS-I 16 in the presence and absence of the c-Myb DBD. In the presence of the c-Myb DBD, complete band-shift of MBS-I 16 was observed, indicating that MBS-I 16 was specifically recognized by the c-Myb DBD. Figure 1b shows ESI mass spectra of 10 M of the c-Myb DBD (lower panel) and c-Myb DBD-dsDNA complex (upper panel) in 10 mM ammonium acetate buffer (pH 6.7). The most intense peak for the protein-dsDNA complex was [M ϩ 10H] 10ϩ while that for the free protein was [M ϩ 8H] 8ϩ . In ESI mass spectrum of the protein-DNA complex (Figure 1b 
Effect of Cone Voltage and Salt Concentration on Complex Dissociation
In order to investigate dissociation process of the complex in the gas-phase, collision-induced dissociation (CID) experiments were carried out. One of the multiply protonated molecules of the protein-dsDNA complex, [M ϩ 10H] 10ϩ , was isolated and subjected to CID in the collision cell by increasing the collision energy, but no ion of the dissociated protein was observed in the product ion spectrum (data not shown). Then CID in the first vacuum chamber source was examined for the protein-dsDNA complex by increasing the cone voltage, because it was expected that collision efficiency would be increased if CID process is carried out under low vacuum region. Figure 2a , high cone voltage up to 100 V did not allow us to observe the protonated molecules of the dissociated free c-Myb DBD while protonated molecule of the complex showed extreme peak-broadening. In contrast, no remarkable change was recognized in the mass spectra of free c-Myb DBD when increasing the cone voltage (Figure 2 b ). This suggests that free c-Myb DBD can be ionized and stable enough at a wide range of cone voltage. In mass spectra of the complex (Figure 2a ), low abundant ions at mass values corresponding to complexes with a mass 100 ϳ 150 Da lower than ions from the intact complex appeared at cone voltages higher than 70 V. These ions are interpreted as the product of depurination of DNA [16] caused by high cone voltage. It has also been reported that such degradation of DNA in protein-DNA complexes in CID experiment was observed for Trp repres- sor and replication terminator protein Tus [14] . In addition, some singly charged ions were also observed in the low m/z region (500 -1300) in mass spectra of the complex when the cone voltage increased to 80 -100 V. These singly charged ions were assigned to DNA fragments.
Since protein-DNA interaction involves many electrostatic contacts, it was expected that high salt concentration would weaken the interaction and destabilize the complex, as discussed in a previous paper [14] . Thus, effect of salt concentration was examined on the complex of c-Myb DBD and MBS-I 16. By increasing ammonium acetate concentration up to 150 mM, not only multiply protonated molecules of the c-Myb DBDdsDNA complex but also those of free c-Myb DBD and ssDNA were observed at 50 V of cone voltage, as shown in Figure 3a . As the concentration of ammonium acetate elevated, relative intensity of the dissociated c-Myb DBD, ssDNA, and dsDNA increased while that of the protein-dsDNA complex decreased. In the absence of dsDNA, no significant changes in ESI mass spectra of c-Myb DBD were observed according to the increase in the concentration of ammonium acetate, as shown in Figure 3b . In order to investigate the dissociation of protein-dsDNA complexes with wide range of Kd, extensive investigation on the concentration of ammonium acetate was carried out for two protein-DNA complexes of c-Myb DBD with 22-mer dsDNA, m22 (5= CACCCTAACTGACACACATTCT 3= {MW 6583.4} and its complementary strand {MW 6885.5}) and m14 (5= CACCCTAACTCACACACATTCT 3= {MW 6543.3} and its complementary strand {MW 6925.6}). Oligonucleotide m22 has wild-type sequence that the c-Myb DBD can specifically recognize. Oligonucleotide m14 is a single-substitution mutant of m22. The solution-Kd for these two complexes had been determined by filter binding assay as 2.8 ϫ 10 Ϫ9 M and 6.3 ϫ 10 Ϫ7 M, respectively [11] . Figure 4 shows ESI mass spectra of the complex of c-Myb DBD with m22 prepared in 10, 200, and 500 mM ammonium acetate. Spectra at cone voltages of 50, 60, 70, 80, and 90 V were indicated. For the complex prepared in 10 mM ammonium acetate, only peak-broadening was observed when increasing the cone voltage up to 90 V (Figure 4a ). The complex prepared in 200 mM ammonium acetate gave quite a low-intense peak of [M ϩ 8H] 8ϩ of the c-Myb DBD at any cone voltage, that is, dissociation of the complex was not facilitated by the increase of the cone voltage. Considerable peak-broadening was observed for multiply protonated molecules of the complex at high cone voltage (Ͼ70 V) (Figure 4b ). In case of the complex prepared in 500 mM ammonium acetate, intensity of the dissociated protein peak improved when the cone voltage rose (Figure 4c) . Consequently, concentration of ammonium acetate was optimized around 500 mM using the two protein-DNA complexes, with Kd differing by two orders of magnitudes in solution. Figure 5 summarizes the effect of the cone voltage on the complexes prepared in 400, 500, and 600 mM ammonium acetate. The percentage of complex, which was calculated from the peak height of the most intense peak among the observed charge states, was plotted as a function of the cone voltage for each condition. Figure 5b and c suggest that the high-affinity complex, c-Myb DBD with m22, in 500 or 600 mM ammonium acetate could completely be dissociated at 100 V. When the sample was prepared in 400 mM ammonium acetate, 36% of the complex still survived even at 100 V of the cone voltage. The percentage of complex at 50 V was 32% for the low-affinity complex, c-Myb DBD with m14, prepared in 400 mM ammonium acetate. When the complex of c-Myb DBD with m14 was prepared in 600 mM ammonium acetate, the complex formation was hardly accomplished and the percentage of complex was less than 10% even at 50 V of the cone voltage. This indicates that 600 mM ammonium acetate is not relevant to observe the dissociation of weakly bound protein-DNA complexes. To characterize the binding affinity in a wide range, the buffer with 500 mM ammonium acetate was selected for the preparation of the seven protein-DNA complexes with various solution-Kd. The samples prepared in 500 mM ammonium acetate were then subjected to further ESI-MS experiments.
Peak-broadening, which was observed in the spectra at high cone voltage for all samples prepared in buffer with different concentration ammonium acetate, is considered to be a product of depurination of DNA [16] , as discussed above. Samples prepared in lower concentration of ammonium acetate gave few dissociated free protein peaks at any cone voltage (Figure 4a and b) while multiply protonated ions of free c-Myb DBD were clearly observed at higher cone voltage for the complex prepared in 500 mM ammonium acetate (Figure 4c ). This suggests that DNA fragmentation does not allow the release of the protein from the complex prepared in lower concentration of ammonium acetate. Noncovalent bonds between DNA and protein appear to be more stable than covalent bonds between nucleic base and sugar moiety in DNA when the sample was prepared in buffer with low salt concentration. The dsDNA with different sequence or length may result in different fragmentation behavior of DNA in the protein-dsDNA complex, and less peak-broadening or higher free protein peaks might be observed in ESI-CID spectra. High content of G-C pairs may also affect the stability of the dsDNA-protein complex.
Characterization of the Complex Stability by CID
In order to evaluate the stability of the c-Myb DBDdsDNA complexes with different solution-phase Kd was determined by filter-binding assay. The DNA and c-Myb DBD was incubated in buffer (100mM potassium phosphate (pH7.5), 20mM KCl, 0.1mM EDTA, 500g/mL of BSA, 5% glycerol (v/v), 10mM dithiothreitol) on ice, and then filtered through nitrocellulose under suction [11] . 4 Sequences of MBS-1 16 and m22 are wild-type. 5 m3, m4, m5, m6, m14, and m19 are single point mutants of m22. values, ESI mass spectra of various complexes prepared in 500 mM ammonium acetate were acquired at different cone voltages and the dissociation curve of each complex as a function of cone voltage was plotted. Table 1 summarizes sequences of the examined dsDNA and solution-phase Kd of the complexes with c-Myb DBD determined by filter-binding assay [11] . Figure 6a indicates ESI mass spectra of the complex of c-Myb DBD with m22 in 500 mM ammonium acetate solution obtained at various cone voltages. In contrast to ESI mass spectra obtained for the complex in 10 mM ammonium acetate (Figure 4a) , not only protonated molecules of the complex but also those of the dissociated protein were clearly observed in each spectrum. As the cone voltage increased, peak intensities of the c-Myb DBD-DNA complex were reduced while those of the free c-Myb DBD improved. Since the released DNA molecule is not as stable as the protein at high cone voltage, many singly charged fragment ions derived from the dissociated DNA molecule were observed in the low mass region (m/z 500 -1300). Peak-broadening of the complex ions caused by depurination of DNA was also recognized at high cone voltage. In case of the low-affinity complex of c-Myb DBD with m14, as shown in Figure 6b , the base peak in the spectrum was [M ϩ 8H] 8ϩ of the c-Myb DBD, not multiply protonated molecules of the complex, even at 55 V of cone voltage. At 55 V, multiply charged molecules of dsDNA and two dissociated ssDNA were also observed in the spectrum. These DNA molecular ions disappeared when the cone voltage rose to 65 V. This should be caused by the following: (1) protonated molecules of DNA are not so stable at higher cone voltage, (2) ionization efficiency of a protein is much higher than that of DNA, and (3) detection sensitivity of DNA is much lower than that of a protein in positive ion mode. At 85 V, protonated molecules of the intact complex almost disappeared and only those of dissociated c-Myb DBD and several fragments of DNA were observed in ESI mass spectrum. By comparing these two datasets, it appears that gas-phase stability has correlation with solution-phase stability of the protein-DNA complex, as previously reported [14] . To examine gas-phase stability of the c-Myb DBDdsDNA complexes quantitatively, the percentage of bound protein was calculated at each cone voltage using peak height of the most intense peak among the observed charge states for the complex and that for the released protein. The average value (n ϭ 3) of the percentage of each complex was plotted as a function of cone voltage, as shown in Figure 7 .
For more quantitative analysis of binding affinity of protein-DNA complexes, we also examined to use peak-area instead of peak-height for calculation of the percentage of complex. In estimation of peak-area of the protonated molecules of the protein-DNA complex, depurination of DNA and adduct of ammonium was also taken into account. Peak-broadening for the complex signal was significant at high cone voltage, as mentioned above, and only a little reduction in the peak-area was found when the cone voltage rose. In contrast, peaks of protonated molecules of free protein were much narrower than those of the protein-DNA complex. Thus, the effect of the increase in the peakarea of free protein was negligible on the calculation of the percentage of complex while a change of the peakheight was remarkable as the cone voltage increased. As a result, little change was recognized as the cone voltage increase in the percentage of complex by calculation using the peak-area (data not shown). In contrast, the percentage of complex calculated from the peakheight gave more distinct change. We also examined the calculation of the ratio of free and bound form of the c-Myb DBD by summing the intensities of all ions from the free protein and all ions from the complex, but there was no remarkable difference from the results calculated by the peak-height of the most intense peaks (data not shown). This should be caused by the fact that charge distribution of the complex and dissociated protein was not affected by the increase of the cone voltage, as shown in Figure 6 . Therefore, we adopted to use the peak height of the most intense peak to analyze the binding affinity of the c-Myb DBD and dsDNA.
Although the dissociation curve could be plotted successfully for each complex as shown in Figure 7 , it should be noted that the percentage of complex calculated using the peak-height of the most intense peak may not represent the real population of free and bound protein. In the present study, singly mutated oligonucleotides composed of 22 base pairs were used for the investigation of the binding affinity to the c-Myb DBD. Since a single mutation among 22 base pairs is expected to affect little on ionization and detection efficiency of the protein-DNA complex, signal intensity of each complex would be the same if an equal amount of the complex exists in the sample. Ionization and detection efficiency of the free protein would be much higher than that of the protein-DNA complexes in positive-ion mode. Relative intensity of the complex signals might be reduced by suppression effect of coexisting free protein that cannot be bound to dsDNA. To compensate this difference, Kapur et al. analyzed the relative ESIMS response factors of free and bound protein, Tus, with dsDNA [14] . In their case, the response factors of free and bound protein were found to be almost the same. We carried out similar experiments on the complex of c-Myb DBD and m22 by changing the mixing ratio of each component (data not shown). It was confirmed that dissociation of the complex can be observed even in the presence of excess free c-Myb DBD. Relative intensity of the complex signal was hardly affected by the presence of excess free protein. Increase of the intensity of protein peaks can be observed in the presence of excess free protein but it appears be better to carry out further compensation for more accurate quantitative analyses. This will be discussed below.
Dissociation curves in Figure 7 suggest that dissociation behaviors of the complexes can be grouped roughly into three types. Two dsDNA, m22 and m19, showed high binding affinity to the c-Myb DBD. They were little dissociated at 50 V of cone voltage but almost completely dissociated at 90 V. In contrast, four dsDNA, m3, m4, m5, and m14, showed low binding affinity to the c-Myb DBD. The percentage of the complex was less than 40% at 50 V of cone voltage and it decreased to less than 10% when the cone voltage rose to 75 V. The other dsDNA, m6, showed in-between binding affinity to c-Myb DBD.
In order to investigate the relationship between the solution-phase Kd and gas-phase stability of the complex, cone voltage where 50% of the complex dissociated (V 50% ) was determined for each complex from the dissociation curve. In case of c-Myb DBD complexes with m22, m19, and m6, the crossing point of linear part of the sigmoid curve on 50% line of the percentage of complex (R ϭ 50) was employed for V 50% . In other cases, linear part of the sigmoid curve was extrapolated toward lower cone voltage and the crossing point on 50% line (R ϭ 50) was operated for V 50% . Then Ϫ⌬⌬G of each complex was plotted as a function of V 50% , as indicated in Figure 8 . The SD of ⌬⌬G determined by filter-binding assay was 0.2 kcal/mol for every complex [11] , and it is indicated with bars in the direction of y-axis. Bars in the direction of x-axis indicate SD of V 50% for each complex. Linear regression analysis was carried out for the plot and correlation factor (R) was determined. Positive correlation (R ϭ 0.859) was found between Ϫ⌬⌬G and V 50% . Subsequently, this plot was applied to obtain ⌬⌬G for two different complexes. Similar experiments were carried out on the complexes of the c-Myb DBD with two other mutant dsDNA, m16 Each dissociation curve was plotted by using the average R values obtained by three independent experiments. The SD for each data point is also indicated. In case of c-Myb DBD complexes with m22, m19, and m6, V 50% was determined from the crossing point of linear part of the sigmoid curve on 50% line of the percentage of complex (R ϭ 50). In case of c-Myb DBD complexes with m3, m4, m5, and m14, linear part of the sigmoid curve was extrapolated toward lower cone voltage and the crossing point on 50% line (R ϭ 50) was operated for V 50% . An example how to determine V 50% value is indicated for the complex with m19 with a dotted line and an arrow.
(5= CACCCTAACTGGCACACATTCT 3= and its complementary strand) and m18 (5= CACCCTAACTGA-AACACATTCT 3= and its complementary strand). These complexes gave 72 and 69 V for their V 50% (a single experiment for each complex, data not shown), respectively, suggesting its ⌬⌬G to be Ϫ0.7 and Ϫ0.9 kcal/mol from the plot in Figure 8 . These values were very close to the ⌬⌬G value, Ϫ0.6 kcal/mol, for both complexes determined by the previous filter-binding assay [11] .
From the results mentioned above, the present method seems to be able to provide relationship between solution-phase ⌬⌬G and V 50% . However, for more rigorous quantification of the binding affinity of a protein and dsDNA, improvements should be achieved.
It might be better to examine salt concentration of the buffer according to the degree of binding affinity. For complexes with high binding affinity, such as complexes with m22, m19, and m6, complete sigmoid dissociation curves could be plotted and the V 50% value can be elucidated from the plot directly. In contrast, for the other four complexes with low binding affinity (Kd Ͼ 3 ϫ 10 Ϫ8 M), the percentage of complex was less than 40% even at 50 V of the cone voltage. Therefore, V 50% had to be estimated by extrapolating the linear part of the regression curve toward the lower cone voltage. This should have caused an increase in experimental error, resulting in large SD. If lower concentration of ammonium acetate is used for them, the percentage of complex might be improved at 50 V of cone voltage. In order to analyze the binding affinity of protein-dsDNA complexes more quantitatively by ESI-MS, it might be good to use appropriate concentration of ammonium acetate for each group of complexes with the same order of magnitude of Kd, and to carry out extensive study after rough examination as shown in the present study. In such cases, too, it would be preferable to compensate the contribution from free and bound components present in solution before analysis and from the dissociation product.
The difference in buffer component and temperature between filter-binding assays and ESIMS analysis should be pointed out for more quantitative experiments. In filter-binding assay of the c-Myb DBD and 22mer dsDNA, the protein and DNA was incubated in buffer (100 mM potassium phosphate (pH 7.5), 20 mM KCl, 0.1 mM EDTA, 500 mg/mL of BSA, 5% glycerol (vol/vol), 10 mM dithiothreitol) on ice and then filtered through nitrocellulose under suction [11] . For ESI measurement, however, nonvolatile buffer cannot be used as the sample solvent; thus, we have to carry out buffer exchange to volatile buffer, such as ammonium acetate, prior to MS analysis. In addition, mass spectra were obtained at room temperature and temperature of the ion source and drying gas was kept 80 and 120°C, respectively. For more accurate analysis of the solutionand gas-phase dissociation of the complex, compensation on ionic strength, buffer composition, and solution temperature is preferable to be carried out.
Another improvement might be accomplished by the newly-developed soft dissociation method, which enables complete dissociation of the complex without fragmentation of DNA moiety. In the present study, significant degradation of DNA was recognized when increasing the cone voltage. This indicates that collision energy was consumed not only for dissociation of the protein-DNA complex but also for degradation of weak covalent bonds in DNA. For rigorous quantification of the binding affinity of the protein-DNA complex, such degradation should be avoided during the dissociation process. Other activation methods, prompt heating of the inlet of the sample solution, for example, might be effective for more quantitative analysis of the dissociation [21] . We are now trying to apply laser spray, developed by Hiraoka et al. [22, 23] , for quantification of binding affinity of c-Myb DBD-dsDNA complexes [24] . This technique might be promising for the quantification of binding affinity of complexes stabilized mainly by hydrogen bonds and/or electrostatic interactions.
Conclusions
Systematic investigation on gas-phase stability of seven complexes of the c-Myb DBD with 22-mer dsDNA with different solution-Kd values in wide range (6.3 ϫ 10 Ϫ7 M to 2.8 ϫ 10 Ϫ9 M) was carried out by CID in the first vacuum region of the multiply protonated molecules generated by ESIMS. Protonated molecules of the complex that was prepared in 10 mM ammonium acetate were quite stable in the gas-phase and not easily dissociated even if high cone voltage was applied in the first vacuum chamber source. When the sample was prepared in 500 mM ammonium acetate, however, the Figure 8 . A plot of the solution Ϫ⌬⌬G of complex as a function of V 50% for seven c-Myb DBD-dsDNA complexes. The solution ⌬⌬G of each complex had been determined by filter-binding assay [11] . The SD of each V 50% is indicated with bars on x-axis while that of each ⌬⌬G value (0.2 kcal/mol) [11] is indicated with bars on y-axis. The Ϫ⌬⌬G values for the complexes of c-Myb DBD-m16 (dotted line) and c-Myb DBD-m18 (broken line) were estimated from the obtained V 50% by the ESI-CID mass spectra.
complexes of c-Myb DBD with its specific dsDNA could successfully be dissociated when increasing the cone voltage, giving multiply protonated molecules of free c-Myb DBD and some DNA fragments. Dissociation curve as a function of cone voltage was plotted, and the cone voltage where 50% of the complex was dissociated (V 50% ) was calculated for each protein-DNA complex. Positive correlation was recognized between the stability of gas-phase molecular ion of the protein-DNA complex and Ϫ⌬⌬G of the complex in solution. It was also found, however, that several problems still exist that should be resolved for more quantitative investigation of the binding affinity by ESI-MS.
